A rice (Oryza sativa 1.) genomic clone encoding the gene for a form of soluble starch synthase (SSS1) and its 5'-and 3'-flanking regions has been isolated and sequenced. The SSSl gene contained 15 exons interrupted by 14 introns. The exon/intron organization of the SSSl gene was divergent from that of the rice Waxygene coding for granule-bound starch synthase, thus suggesting that the SSSl and granule-bound starch synthase genes have evolved from an ancestral gene in a different way or that the two genes are products of different ancestral genes that have converged during evolution. However, these two genes were closely located to each other on rice chromosome 6 at an approximate map distance of 5 centimorgans. The nucleotide sequence of the 5'-end region of the gene is unique because of the presence of some repetitive sequences.
To elucidate the mechanism of starch biosynthesis in amyloplast and chloroplast, plant starch-synthesizing enzymes have been identified, characterized, and cloned (reviewed by Preiss and Sivak, 1995) . Starch synthase, which catalyzes the elongation of a-1,4-glucosidic bonds on amylose and amylopectin molecules by transfer of D-G~c from ADP-Glc, is present in two forms: SSS and GBSS enzymes (reviewed by Preiss, 1991) . It is generally thought that GBSS is responsible for the synthesis of amylose in starch granules (Sprague et al., 1943; Nelson and Rines, 1962; Echt and Schwarz, 1981; Shure et al., 1983) . The role of SSS in starch synthesis still remains unclear, although this enzyme appears to play an important role(s) in the amylopectin synthesis by the cooperative reaction with branching enzyme and/or to participate in the amylose synthesis together with GBSS.
We have identified three apparent isoforms of SSS with molecular sizes of 55 and 57 kD in developing rice (Oryza sativa L.) seeds (Baba et al., 1993) . Analysis of the aminoterminal amino acid sequence reveals that the three isoforms of SSS are identical except that the 55-kD isoform lacks the first eight amino acids at the amino terminus. Thus, it appears that these three isoforms are products of the same gene, although additional evidence is necessary. The cDNA cloning of the rice SSS form (Baba et al., 1993) , termed SSS1, demonstrates that this enzyme shares only a This work was partly supported by a grant from the Iijima * Corresponding author; e-mail acroman@sakura.cc.tsukuba.
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ac.jp; fax 81-298-53-6632. 677 limited degree of sequence identity with rice GBSS (Wang et al., 1990) and Esckerichiu coli glycogen synthase (Kumar et al., 1986) . The gene expression pattern is also different between SSSl and GBSS; the SSSl gene is expressed at the same leve1 in both leaves and developing seeds (Baba et al., 1993) , whereas the transcript of the GBSS gene is present only in the developing seeds (Hirano and Sano, 1991) . These facts may imply the distinct role(s) of SSSl and GBSS in starch synthesis.
It is of great interest to examine the correlation of the gene structure and arrangement of the protein-coding region between two starch synthases, SSSl and GBSS. Indeed, to facilitate further studies of SSS1, the gene structure needs to be established. In this paper, we describe the exon/intron organization of the rice gene coding for SSS1. The chromosomal localization of the SSSl gene is also reported.
MATERIALS A N D M E T H O D S

Materiais
A rice (Oryza sativa L., Japonica) genomic library in EMBL3 and [a-32P]dCTP (3000 Ci/mmol) were purchased from Clontech (Palo Alto, CA) and Bresatec (Adelaide, Australia), respectively. Restriction endonucleases and modifying enzymes were purchased from Nippon Gene (Toyama, Japan). Nylon (Hybond-N+) and nitrocellulose membranes were purchased from Amersham and Advantec Toyo (Tokyo, Japan), respectively. A11 other reagents were of the highest purity available.
Screening of a Rice Cenomic Library
A rice genomic library was screened by the plaque hybridization method (Benton and Davis, 1977) , using the cDNA fragment of RS1 (Baba et al., 1993) as a probe. Plaque lifts were prehybridized at 42°C in 5X SSPE (1 X SSPE = 10 mM sodium phosphate, pH 7.7, 0.18 M NaC1, and 1 mM EDTA), 0.02% Fico11 400, 0.02% PVP, 0.02% BSA, and 0.1% SDS, followed by hybridization at 60°C overnight in the prehybridization buffer containing denatured salmon testis DNA (0.1 mg/mL) and 32P-labeled probe (2 ng/mL). The Plant Physiol. Vol. 108, 1995 G GAC TCC OVC GTG Dwi GAG ATC GAG CCC GAT CTA Ou G o Asp Ser Gly Val 6ly Glu Ile Glu Pro ASP M U Glu G filters were washed in 2X SSC ( 1 X SSC = 15 mM sodium citrate, pH 7.0, and 0.15 M NaC1) at room temperature for 10 min, in 2X SSC containing 0.1% SDS at 60°C for 10 min, and in 2X SSC at room temperature for 10 min, dried, and then subjected to autoradiography at -80°C. A positive clone was plaque purified, and the DNA fragments were subcloned into the appropriate sites of pUC19 or pUC119 for further characterization.
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RFLP Analysis
For RFLP linkage analysis (Kishimoto et al., 1994) , an F, population (144 plants) was generated by a cross between Kasalath (indica type rice, maternal parent) and FL134 (juponicu type rice, paternal parent). Genomic DNAs were prepared from leaves of the parenta1 lines and F, plants, digested by each of severa1 restriction enzymes, and transferred onto nylon membranes after electrophoresis on 0.8% agarose gels. The blots were then probed with the 32P-labeled, 3'-end PstIIEcoRI cDNA fragment of RSI, as described above. An MAPL computer program was used for RFLP linkage analysis of the rice SSSl gene. The recombination value and linear order between the SSSl gene locus and marker loci already mapped were determined by the maximum likelihood method (Allard, 1956 ) and the multidimensional scaling method, respectively, described in the MAPL .
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Analytical Procedures
Nucleotide sequence analysis was carried out by the dideoxy chain-termination method (Sanger et al., 1977) using a commercial BcuBEST kit from Takara (Shiga, Japan). Computer-aided analysis of nucleotide and protein sequences was carried out using a GENETYX program (Software Development Co., Tokyo, Japan). (Wang et al., 1990 ) is also indicated. The sites of restriction enzymes are shown as follows: B, BamHI; E, EcoRI; H, HindIII; K, Kpnl; P, Pstl; S, Sall; X, Xbal. Note that an additional exon has been demonstrated to he present within the 5'-untranslated region of the rice CBSS gene (M. Nakajima and K. Shimamoto, unpuhlished data). genomic library in EMBL3, using a cDNA fragment of RS1 encoding rice SSSl (Baba et al., 1993) as a probe. The phage DNA was purified and analyzed by restriction enzyme digestion, followed by Southern blot hybridization, using different parts of the cDNA sequence as probes (data not shown). The genomic clone contained three DNA fragments of approximately 7.4,4.5, and 1.1 kb when the phage DNA was digested by SalI. Of these three fragments, the 4.5-and 7.4-kb SalI fragments hybridized to the EcoRI/SalI and PstI/EcoRI fragments carrying the 5'-and 3'-end cDNA sequences of RS1, respectively (data not shown). Thus, these two SalI fragments were subjected to sequence analysis. The restriction map of the genomic region containing the SSSl gene was consistent with Southern blot analysis of rice genomic DNA, using the entire region of Nucleotide.
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the RS1 cDNA sequence as a probe, described previously (Baba et al., 1993) . The exon/intron organization of the SSSl gene and the genomic DNA sequence including 5'-and 3'-flanking sequences are shown in Figures 1 and 2 , respectively. This gene was approximately 7.4 kb in length and consisted of 15 exons separated by 14 introns. Two nucleotide substitutions were found between the genomic and cDNA sequences. Nucleotides C and G at nucleotides 251 and 252 in the cDNA sequence (Baba et al., 1993) were changed into G and C in the genomic sequence, respectively (Fig. 2) . Thus, the His-Gly sequence at residues 47 and 48 deduced from the cDNA sequence was substituted by a Gln-Arg sequence in the genomic sequence. We confirmed that the nucleotide substitution did not result from errors of sequencing analysis. The amino acid sequence of the transit peptide for the SSSl precursor, which is required for targeting and transport of the precursor protein into the amyloplast and chloroplast, was mostly encoded by exon 1 in the SSSl gene. Three conserved domains have been reported in the amino acid sequences of the mature proteins among SSS1, GBSS, and E . coli glycogen synthase (van der Leij et al., 1991; Baba et al., 1993) . Of these three domains, domain I, which includes the consensus sequence of the substrate (ADPG1c)-binding site (Lys-X-Gly-Gly, see Furukawa et al., 1990) , was encoded by exon 2 in the SSSl gene. Moreover, exon 12 coded for domain 11, and domain 111 was encoded by both exons 12 and 13. The largest exon (exon 15) encoded the carboxyl-terminal region of SSSl and the 3'-untranslated region. To determine the transcription initiation site of the SSSl gene, we carried out analysis of S1 mapping and primer extension. However, no clear result was obtained. The approximately 300-nucleotide sequence upstream from the Met codon for translation initiation was highly rich in G and C and contained severa1 repetitive sequences (Fig. 2) . These facts may explain the difficulty in determining the transcription initiation site(s).
The sizes of exons and introns and intron phase classes (Patthy, 1987) are summarized in Table I . A11 nucleotide sequences at the exon/intron boundaries were consistent with the consensus GT/AG sequence at the donor and acceptor sites of RNA splicing (Breathnach and Chambon, 1981) . The sizes of introns (introns A to N) ranged from 78 to 907 nucleotides. When the exon/intron organization of HAIAAOHOlaAACLVAPQV1U«IUtlJtLQRVlUUtCVULSRlXlGSAQRPLArAPLV1CQPVlJTrLVPT8TPPAPTQ8PAPAPTPPPLP08QVO>tlPDLKO  I  II  I  I I I  I  II  III  I  I I II  I  OBSSl  X The insertion sites and phase classes (phases 0, 1, and 2, see Table I ) are indicated by arrowheads and numbers, respectively. Three domains (domains I, II, and III), which are highly conserved among the mature proteins of SSS1, CBSS, and E. coli glycogen synthase, are also shown.
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the rice SSS gene was compared with that of the rice Waxy gene encoding GBSS (Wang et al., 1990) , no significant correlation was found (Figs. 1 and 3 ). The first exon (exon 1) in the GBSS gene encoded the 5'-untranslated region and ammo-terminal amino acid sequence of the GBSS precursor, including the initiator Met, transit peptide, and domain I. Also, domains II and III were separately encoded by exons 10 and 11, respectively, which are interrupted by a phase-0 intron. To examine the chromosomal location of the SSS1 gene, rice genomic DNAs of two parental lines, Kasalath and FL134, were digested by BamHI, EcoRV, or Hindlll, transferred onto membranes, and subjected to Southern blot hybridization using a 0.9-kb Psfl/EcoRI fragment of the RS1 cDNA clone as a probe. Of these three blots prepared, the blot containing the Hfndlll-digested DNA gave the most obvious RFLP. The sizes of the polymorphic DNA bands were found to be 5.4 and 3.6 kb in Kasalath and FL134, respectively (Fig. 4) . Thus, the H/«dIII-digested genomic DNAs from 144 individual F 2 plants, which were generated by the cross between these two parental lines, were analyzed by blot hybridization as described above. On the basis of the segregation of these two DNA bands, the SSS1 gene (locus name: XcrSss-1) was assigned between two known RFLP markers on rice chromosome 6 (Fig. 5) : XcmWx (Waxy locus determined by using the maize GBSS cDNA) and XNpbOSO . The linear order was XcmWx-XcrSss-l-XNpb030. Moreover, the map distances were 5.0 ± 1.3 and 0.4 ± 0.4 centimorgans between XcmWx and XcrSss-1 and between XcrSss-1 and XNpbOSO, respectively.
DISCUSSION
In this study, we have characterized a rice genomic region containing the SSS1 gene and its 5'-flanking region of , are indicated. Est-2 and alk are the genetic markers (an RFLP marker for XcrCht-J) that are localized in the map constructed by Saito et al. (1991 (Figs. 1 and 2) . The combined size of the 15 exons (2.5 kb) is almost 200 nucleotides shorter than the length of the gene transcript (2.7 kb) determined by northern blot analysis (Baba et al., 1993) . Since the sequence of a potential polyadenylation signal, ACTAAA, similar to the consensus AATAAA sequence (Joshi, 1987b) , is solely present 41 nucleotides upstream and 28 nucléotides downstream from the 3' end of the known SSSl gene sequence (Fig. 2) , and since the SSSl transcript contains a poly(A) tail, the cDNA sequence encoding SSSl probably lacks a sequence of 150 to 200 nucleotides at the 5' end. There are severa1 TATA box-like sequences that resemble the consensus ACT-ATATATAG sequence (Joshi, 1987a) in the 5'-flanking region of the gene (Fig. 2) . Unless an additional exon is present in the 5'-untranslated region, the GATTTATAAAA sequence located 234 nucleotides upstream from the 5' end of the known cDNA sequence may function as the TATA box. However, the presence of an additional exon(s) cannot be ruled out at the present time, since a sequence, GCCT-CAG, similar to the consensus sequence of the 3'-splicing site (TTTGCAG, see Hanley and Schuler, 1988) is present between the putative TATA-box sequence and 5' end of the known cDNA sequence (Fig. 2 ) . Thus, the identification of the TATA box and transcription initiation site(s) in the SSSl gene is tentative until direct evidence is obtained. Moreover, there are some repetitive sequences in the 200-nucleotide region upstream from the Met codon for translation initiation, including CT, CCA, and GCA repetitive sequences in the 5' end of the known cDNA sequence (Fig.  2) . It is possible that some of these repetitive sequences function to regulate the production of the SSSl protein posttranscriptionally.
Starch-synthesizing enzymes, including SSSl and GBSS, are nuclear encoded, the gene products of which are then transported into the amyloplast or chloroplast. The transit peptide sequences of the precursors of the starch-synthesizing enzymes act as a signal for the transport into the organella (Schmidt and Mishkind, 1986; von Heijne et al., 1991) . In the rice SSSl gene, exon 1 codes for the most of the transit peptide sequence, whereas the substrate-binding region (domain I) of the mature enzyme is encoded by exon 2 (Fig. 3) . The phase classes of the first and second introns (introns A and B) in the SSSl gene are in phase 1 and phase O, respectively (Table I; Fig. 3 ). According to the exonshuffling model (Patthy, 1987) , it is most unlikely that the exon 2 sequence has been inserted into the intron sequence between exons 1 and 3 during evolution. Thus, the SSSl gene appears to have primordially acquired the biological functions of the gene product: the location in the amyloplast and chloroplast and the substrate-binding ability as starch synthase. In contrast to the SSSl gene, the rice GBSS (Wuxy) gene (Wang et al., 1990) possesses the largest exon at the 5' end (exon 1 in Fig. 1) . This exon encodes both the 5'-untranslated region and amino-terminal amino acid sequence of the precursor, including the transit peptide and substrate-binding sequences (Fig. 3) . Moreover, an additional exon has been demonstrated to be present within the 5'-untranslated region of the rice GBSS gene (M. Nakajima and K. Shimamoto, unpublished data). It is thus possible that the largest exon may have been assembled between the first and third exons of the gene during its evolution, resulting in the acquisition of the destination of this protein as well as of the enzymatic function. The assembly of the largest exon may be implicated by the fact that plant storage starch has contained the amylose molecule during evolution, since GBSS is most likely responsible for the amylose synthesis (Nelson and Rines, 1962; Echt and Schwarz, 1981; Shure et al., 1983) . At any rate, because of the extreme differences of the exon/intron organizations between two genes encoding rice SSSl and GBSS (Fig. 3) and the significant differences between their primary structures (Baba et al., 1993) , it is possible that the two genes have evolved from an ancestral gene in a different way or that these genes are products of different ancestral genes that have converged during evolution.
As described above, the genes encoding starch-synthesizing enzymes are expressed specifically or abundantly in the developing seeds. However, the isolation of genomic clones has been limited; only the sequences of the genes for GBSS (Klosgen et al., 1986; Rhode et al., 1988; Wang et al., 1990; van der Leij et al., 1991) , a branching enzyme isoform, RBEl (Kawasaki et al., 1993) , and a potato ADP-Glc pyrophosphorylase small subunit (Nakata et al., 1995) have been reported to date. Thus, little is known about the regulation of gene expression of starch-synthesizing enzymes. The availability of the genomic sequence of the SSSl gene, in addition to those of GBSS and RBE1, allows us to examine regulational expression of the genes for starch-synthesizing enzymes in the developing seeds and the physiological roles of these proteins in starch synthesis. Moreover, a possible presence of a multigene family of rice starch synthase is suggested by the fact that the genes encoding SSSl and GBSS are closely located on rice chromosome 6.
